Cellular response to mechanical stimuli is a well-known phenomenon known as mechanotransduction. It is widely accepted that mechanotransduction plays an important role in cell alignment which is critical for cell homeostasis. Although many approaches have been developed in recent years to study the effect of external mechanical stimuli on cell behaviour, most of them have not explored the ability of mechanical stimuli to engineer cell alignment to obtain patterned cell cultures. This paper introduces a simple, yet effective pneumatically actuated 4 × 2 cell stretching array for concurrently inducing a range of cyclic normal strains onto cell cultures to achieve predefined cell alignment. We utilised a ring-shaped normal strain pattern to demonstrate the growth of in vitro patterned cell cultures with predefined circumferential cellular alignment. Furthermore, to ensure the compatibility of the developed cell stretching platform with general tools and existing protocols, the dimensions of the developed cell-stretching platform follow the standard F-bottom 96-well plate. In this study, we report the principle design, simulation and characterisation of the cell-stretching platform with preliminary observations using fibroblast cells. Our experimental results of cytoskeleton reorganisation such as perpendicular cellular alignment of the cells to the direction of normal strain are consistent with those reported in the literature. After two hours of stretching, the circumferential alignment of fibroblast cells confirms the capability of the developed system to achieve patterned cell culture. The cell-stretching platform reported is potentially a useful tool for drug screening in 2D mechanobiology experiments, tissue engineering and regenerative medicine.
Introduction
Cells within the human body are responsive to the surrounding mechanical stimuli. [1] [2] [3] [4] The ability of cells to sense and respond to mechanical stimuli is known as mechanotransduction. [5] [6] [7] At the cellular level, the mechanical stimulus acts as a key driver in regulating cellular functions. It is well known that such mechanical stimuli induce biochemical responses, which are important to maintain normal cellular activities such as cytoskeleton organisation, cellular orientation and pattern formation during tissue maturation and regeneration. [8] [9] [10] [11] [12] Thus, the complex mechanotransduction signalling process is critical for cells to maintain homeostasis. For instance, many previous studies reported that an abnormal mechanotransduction function within the cells such as maladaptive remodelling of cytoskeleton may disturb the cellular activities and lead to diseases. 13, 14 Furthermore, some studies also claimed that external forces acting on the cells can also influence the cell functionality by regulating the mechanical properties of ECM. [15] [16] [17] Thus, a better understanding of the mechanotransduction signalling process is critical as it could provide an insight into the role of mechanical stimuli in guiding cytoskeleton reorganization and cell reorientation.
Indeed, various methods have been developed to apply external mechanical stimuli in vitro to observe cellular responses. Common techniques to induce mechanical force onto the cell culture use existing tools such as an atomic force microscope (AFM), a micropipette or tweezers. [18] [19] [20] [21] In recent years, more sophisticated cell-stretching designs have been introduced into the commercial market. Flexcell (Flexcell International Corporation), ElectroForce (Bose Corporation) and Strex Systems for cell stretching (STREX Inc.) are some of the widely accepted commercial platforms. Many cell-stretching studies included these commercial platforms due to their well characterised parameters and ease of operation. [22] [23] [24] Apart from these commercial approaches, many custommade cell stretching platforms have also been reported. Many of them incorporate stretching of the elastic membrane with cell culture by means of electromagnetic, pneumatic, optical or other micro actuation techniques. [25] [26] [27] [28] [29] [30] For instance, Huang and Nguyen (2013) 31 developed a multilayered PDMS device with pneumatic actuators to deform the elastic membrane and introduce normal strain onto the cells cultured on the membrane. Kamotani, et al. (2008) 32 reported an array of PDMS microcells with a deformable membrane, placed over piezoelectrically actuated pins. Furthermore, Chang, et al. (2013) 33 utilised a motor actuated translation stage to stretch the deformable substrate in one direction and to introduce normal strain onto the cells cultured on the substrate. Electro-thermal, electrostatic and di-electrophoresis actuations have also been explored for cell stretching. [34] [35] [36] Although all these existing cell stretching approaches have particular advantages for their specific applications, most of these studies were focused on investigating the effect of normal strain on cellular alignment. For instance, Wang, et al. (2015) 37 used a hydrogel with linear elastic properties to develop programmable normal strain gradients. Interestingly, the authors observed that the cell realigned perpendicular to the substrate normal strain, and the cell realignment was approximately linear to the applied strain. In another study, Chagnon-Lessard, et al. (2017) 38 showed the capability of cells to avoid the normal strain gradient under a highly nonuniform strain field and confirmed the cells' capability to respond not only to the strain amplitude but also to the strain direction. Considering such substantial results, it is interest-ing to note that very few studies have actually explored the possibility of active cell manipulation using external mechanical stimuli for achieving patterned cell culture with predefined cellular alignment. Thus, a simple and effective method compatible with existing pre-clinical tools and protocols is urgently needed for engineering patterned cell cultures which could be useful for clinical drug screening in 2D mechanobiological experiments. This paper presents a pneumatically actuated cell stretching array platform ( Fig. 1(a) ), which can apply a range of normal strains onto cell cultures to achieve predefined in vitro circumferential cellular alignment. The dimensions of the cell-stretching platform were maintained the same as those of standard 96-well plates. Thus, the developed cellstretching platform is compatible with general pre-clinical tools and protocols. The compatibility could be critical for designing high-throughput cell-stretching assays.
To prove the concept, the presently developed cellstretching platform incorporates an array of 4 × 2 wells. The wells in each column were utilised for introducing different predefined ring shaped normal strain gradients onto the cultured cells. As a first demonstration, we describe the design, simulation, fabrication and characterisation of the developed cell stretching platform in detail. Further, to confirm the suitability of the developed platform and to obtain patterned cell cultures with predefined circumferential alignment, we considered fibroblast cells for this study.
A fibroblast is a unique cell type which shares the plastic behaviour of mesenchymal phenotypes and can be found in abundance in the human body. Hence, it is considered as a prime candidate to understand the role of mechanotransduction in altering the cell behaviour. Many studies have shown the capability of fibroblast cells to recognise and respond to external cyclic normal strain and reorient perpendicular to the normal strain direction. [38] [39] [40] [41] [42] Thus, with respect to the existing literature, we hypothesised that the cyclic stretching of fibroblast cells with a ring shaped output stretching pattern may facilitate patterned fibroblast cell culture with circumferential cellular alignment.
Materials and methods

Device design and working principle
The pneumatically actuated cell-stretching array platform was designed and characterised to achieve patterned cell culture with circumferential alignment. Furthermore, the platform was particularly designed to induce different pre-defined normal strains onto the cells cultured in each well to establish the relationship between normal strain amplitude and cellular alignment ( Fig. 1(b) and (c)). The developed platform provides advantages such as ease of fabrication, ease of imaging, compatibility with generic pre-clinical tools and predefined normal strain patterns. The array design makes it suitable for high throughput cellular response assays ( Fig. 1(d) ). Fig. 1 (e) depicts the actual image of the cell-stretching platform. The platform includes three PDMS layers: (i) the lower layer consisting of the microfluidic channels and the ring shaped pneumatic chamber, (ii) the middle layer consisting of a 200 μm deformable PDMS membrane bonded with the lower layer and finally, (iii) the upper layer consisting of the cell culture wells which are aligned with the output patterns to facilitate cell seeding. For the current study, the output stretching pattern was varied for wells in each column to generate a range of normal strain magnitudes with a single device. Each normal strain pattern consists of a toroidal structure with a fixed outer diameter of 6.39 ± 0.01 mm and a variable inner radius (R i ). The variable nature of the inner radius allows achieving variable normal strain amplitude onto the deformable membrane upon actuation. Fig. 1(d) shows the deformable ring-shaped output pattern 1 (OP1) with the inner radius R i1 = 2 mm, the deformable output pattern 2 (OP2) with the inner radius R i2 = 1.5 mm and the deformable output pattern 3 (OP3) with the inner radius R i3 = 1 mm. The dimensions of the output patterns were maintained according to the standard F-bottom 96-well polystyrene microplate dimensions (Greiner Bio-One International GmbH) to maintain the compatibility with generic tools. Similar to a standard 96-well plate, the centre of the centre distance between each pattern was maintained at 9.02 ± 0.01 mm with a fixed outer diameter of 6.39 mm for all output patterns (OPs). Further, the depth of the cell culture wells was maintained at 5 ± 0.5 mm.
We used a pressure controller (Elveflow®) to actuate the OPs by providing positive pressure of a given magnitude and frequency to the inlets of the cell stretching platform. Upon actuation, the membranes over the output patterns inflated and deformed into semi-toroidal shapes which subsequently induced normal strain onto the cells cultured on the deformable OPs.
Design and optimisation
To assess the feasibility of the developed cell stretching platform and predict the system behaviour, a finite element analysis (FEA) model of the platform was formulated using COMSOL Multiphysics 5.2. In the optimisation phase, we optimised the geometry of the platform by varying one geometric parameter and maintaining the other parameters constant. The variable inner radius for the output pattern was one of the key parameters for the optimisation, as the possible normal strain amplitudes can be determined. Assuming a constant pressure, the reference geometry was adapted in COMSOL with a total volume of 9 × 9 × 10.2 mm 3 .
The outer diameter was fixed at 6.39 mm, and the inner diameter and height were maintained at 3 mm and 0.1 mm, respectively. Furthermore, the height of the channel and the membrane thickness were kept at 0.1 mm and 0.2 mm, respectively. The material selected was polydimethylsiloxane (PDMS) for the entire geometry with a Young's modulus of 750 kPa and a Poisson's ratio of 0.49 for PDMS mixed with a crosslinker in a 10 to 1 volume ratio. In the next step, the necessary boundary conditions were implemented for the reference FEA model by allowing free deformation of the output pattern and fixing all other parts. A positive pressure of 80 mbar was applied to the membrane to represent the pneumatic actuation. Finally, utilising the parametric sweep function in COMSOL, the inner radius of the output pattern was varied from 0.25 mm to 5.5 mm with a step of 0.25 mm to obtain the corresponding maximum planar displacement of the membrane. Fig. 2 shows the membrane displacement as a function of the inner radius. The simulation provided a wide range of normal strain amplitudes that could be achieved with the current cell stretching platform. Such a wide range allows for establishing the relationship between cellular alignment and the applied normal strain. In the current study, we kept the inner diameter of OP1, OP2 and OP3 at 3 mm, 2 mm and 1 mm, respectively. The insets in Fig. 2 show the simulation results for the selected OPs.
Fabrication process
The software CleWin 3.0 was utilised to design the cellstretching platform. The optimised design was plotted on a 28 mm × 22 mm plastic mask for pattern replication. The fabrication of the multilayered stretching platform mainly involved a soft lithography technique. Fig. 3 illustrates the basic fabrication steps. The process comprised three major steps.
In the first step, a clean and pre-baked (80°for 30 min) silicon wafer was spin coated with a 100 μm layer of a photoresist (SU-8 50) at 3300 rpm for 30 s. A series of pre-baking steps (65°C for 10 min, 95°C for 30 min, 50°C for 30 min) were performed to avoid SU-8 cracking. Subsequent UV exposure (9.8 mW cm −2 for 35 to 40 seconds) allowed the transfer of the device pattern to the wafer. Finally, SU-8 was post baked (80°C for 30 min) and the mask was developed in 1-methoxy-2-propanol acetate for 15 minutes. The same procedure was followed to prepare the master mould for the upper PDMS layer with the cell culture wells.
In step two, a clear degassed PDMS and cross-linker (Sylgard 184 elastomer kit, Dow Corning) mixture (10 : 1 volume ratio) was poured onto the master mould, so that a thickness of 2-2.5 mm and 5 mm was achieved for the lower and upper layer masks, respectively. The mixture was then cured at 80°C for 2 hours in a vacuum oven. The cured PDMS layers were inspected and carefully peeled off from the master mould. Furthermore, the upper PDMS layer was carefully punched to form the cell culture wells.
In the final step, the middle layer, i.e. the 200 μm deformable PDMS membrane, was fabricated and all three layers were aligned and plasma bonded to form the final cellstretching platform. A clear degassed PDMS-crosslinker mixture (10 : 1 volume ratio) was spin coated at 4000 rpm for 2 min to achieve a 200 μm thickness. Prior to plasma bonding, the deformable PDMS membrane and the lower PDMS layer with an output pattern were thoroughly cleaned with isopropanol and DI water to achieve a dust-free surface. The surface of both the membrane and the PDMS layer was then activated using oxygen plasma (Harrick Plasma) for 45 seconds before bonding. The bonded device was then cured in a vacuum oven at 80°C for 1 hour. The same plasma bonding procedure was repeated to bond the prepared device with the upper PDMS layer.
Cell culture
The cell-stretching platform was sterilised with ethanol (80%) and washed with PBS three times followed by 20-minute UV exposure. Furthermore, the cell-stretching platform was treated with the medium and incubated for 1 hour at 37°C and 5% CO 2 before seeding the cells to enhance biocompatibility.
Fibroblast cells were cultured in a T75 cell culture flask with DMEM/F12 (Gibco, Thermo Fisher Scientific) medium enriched with 10% FBS and 1% penicillin. The cells were maintained in a standard incubator at 37°C and 5% CO 2 to ensure proper cell growth. For seeding the device, a 70% confluent T75 flask was trypsinised with TrypLE Express (Thermo Fisher Scientific) and resuspended into fresh medium. Aliquots with an optimised seeding density of 10 × 10 3 cells per 150 μl were used to seed each well of the device (i.e. total 80 × 10 3 cells per 1200 μl). To ensure cell adhesion and adequate cell growth onto the membrane, the device was incubated at 37°C with 5% CO 2 for 24 hours. Finally, following literature reports on fibroblast cells, predefined cyclic normal strains of 0.8% (OP1), 1.2% (OP2) and 2.2% (OP3) using 80 mbar and 0.1 Hz frequency at a 50% duty cycle were introduced onto the cell culture for 2 hours to obtain circumferential alignment of the fibroblast cells. 15, [43] [44] [45] Three biological repeats were carried out with the same normal strain parameters to confirm the repeatability of the experimental results.
Cell fixing, immunofluorescence staining and imaging
After two hours of stretching, the cells were immediately fixed with 4% PFA and then washed with PBS three times. Further, the cells were kept in a cold PBS solution at 4°C. For the quantification, cell orientation was then recorded with a Nikon Eclipse Ts2 inverted phase contrast microscope at 10× magnification. Actin and nuclei were stained respectively with ActinGreenTM 488 and NucBlueTM ReadyProbeTM Reagent (Thermo Fisher Scientific) to observe the cytoskeleton reorganisation. The standard protocol was optimised and adapted to suit the developed cell stretching platform. Finally, we utilised an inverted fluorescence Lab on a Chip Paper microscope (Olympus IX73) at 20× magnification to observe the cell nuclei and actin fibres.
Results and discussion
Device characterisation
A well-defined normal strain is an important aspect for achieving cell culture with predefined cellular alignment. Thus, insight into the strain experienced by the cells under investigation based on their position is important. Subsequently, we numerically and experimentally investigated the normal strain on the deformable output patterns.
Experimental approach. For experimental strain characterisation, the deformable output patterns (OP1, OP2 and OP3) were actuated by positive pressure ranging from 10 mbar to 150 mbar with a step of 10 mbar using a pressure controller. A digital camera (EO® Edmund Optics) with a 1× magnification lens was placed onto the XY-stage (Zaber Technologies) and the side view along the XZ-plane was recorded to observe the inflation of the output patterns. A custom-made algorithm was developed for detecting the membrane inflation, fitting an ellipse into the detected curve and obtaining the displacement and normal strain parameters.
The developed algorithm was implemented in MATLAB R2016a using the image processing toolbox and curve fitting techniques. The detailed flow chart with a sample step output for the implemented algorithm is shown in Fig. 4 . We repeated the experiments three times for each pressure point to obtain reliable results from the image analysis. A minimum of three image frames from each video were analysed.
The averaged result for each pressure point was obtained to assure the repeatability of the data.
For computational simplicity, the ideal conditions of a uniform pressure distribution on a deformed membrane with negligible thickness variation were assumed for the strain evaluation. Considering the thin-walled membrane and the obtained elliptical fit of the membrane inflation, the normal circumferential strain ε c was calculated utilising the hoop stress (σ c ) relationship: 46, 47 (1)
where σ c is the stress (in mbar), P is the input pressure (in mbar), r i is the internal diameter of the inflated membrane (in mm), t = 0.2 mm is the thickness of the membrane, a is the height along the minor axis (in mm), E = 7500 mbar is the Young's modulus of the PDMS membrane and ε c is the normal circumferential strain.
Numerical approach. The numerical verification of the experimental data utilised a reference 3D FEA model with OP1 (R i1 = 1 mm), OP2 (R i2 = 1.5 mm) and OP3 (R i3 = 2 mm). All material properties and boundary conditions were fixed, while the applied pressure was varied from 10 mbar to 150 mbar with a step of 10 mbar to obtain the corresponding maximum planar displacement and normal circumferential strain of all three OPs. Fig. 5(a) compares the experimental and simulation data of the maximum displacement of the membrane. As expected, all three OPs show a linear relationship between membrane displacement and pressure. The simulation and experimental data agree well and provide an acceptable average error variance of 1.63% for OP1, 2.37% for OP2 and OP3 for 3.84%. Furthermore, the maximum applied pressure of 150 mbar results in the maximum planar displacement of 0.2 mm for OP1, 0.32 mm for OP2 and 0.53 mm for OP3. In the next step, the normal circumferential strains were compared. Fig. 5(b) shows the experimental and simulation data of the normal circumferential strains obtained with the same range of applied pressures. The data show that at 80 mbar the circumferential strains of OP1, OP2 and OP3 are 0.8 ± 0.023%, 1.2 ± 0.07% and 2.2 ± 0.081%, respectively.
The obtained deflection and strain data served as a guideline for the selection of the applied pressure. Considering the fibroblasts in the later experiments, we selected 80 mbar as the input pressure for the cell-stretching platform. The next step is determining the deformation pattern of the membrane under 80 mbar, utilising the existing experimental tools and optimised FEA model. Fig. 6 depicts the experimental and simulation results of the shape of the deformed ringshaped membrane. The semi-elliptical deformation of the different OPs can be clearly observed.
As the deformation patterns are axially symmetric, the experimentally obtained 2D curve of the deformed membrane was virtually rotated along the minor axis using MATLAB R2016a to obtain the 3D representation of the membrane. For comparison, the corresponding FEA model was solved. Fig. 7 compares the experimental and numerical shapes of the membrane of OP1 under 80 mbar. The experimental and simulation results agree well and show a maximum planar displacement (D m ) of 0.165 mm and 0.159 mm with an average error variance of 2.5%, Fig. 5 Comparison of the simulation and experimental data: (a) maximum displacement versus pressure (inset: simulation results using a pressure of 150 mbar); (b) circumferential strain versus pressure (inset: the experimental set-up). respectively. The 3D data show that the output pattern deforms into a semi-toroidal shape. The results suggest that over the central circumferential region with maximum planar displacement, cells would experience approximately the same amount of normal strain. Thus, we hypothesised that cells in this circumferential region of homogenous normal strain will experience approximately the same mechanical cues. The physiological or morphological changes observed Lab on a Chip Paper after stretching would mainly depend on the normal strain amplitude.
Cell orientation
Our preliminary observations of the cytoskeleton reorganisation and reorientation of fibroblast cells are consistent with those of previous studies and confirm the use of the developed cell stretching platform to actively manipulate cell orientation and obtain patterned cell cultures with predefined cellular alignment. [38] [39] [40] [41] [42] Furthermore, the developed cell stretching platform is compatible with generic laboratory tools and protocols and ensures its adaption in preclinical applications.
For the quantification of cell orientation, each cell culture well was virtually divided into 8 equal quadrants of 45°each i.e. the region of interest (ROI). The images from each ROI were considered for the analysis. To enhance the features and correct the background noise in the phase contrast images, basic post processing steps including the application of a fast Fourier transformation (FFT) bandpass filter and sharpening and enhancing the image contrast were carried out using ImageJ tools. The obtained binary image was further utilised for the analysis of cell orientation. In each ROI, the orientation of 100 cells was analysed to estimate the average orientation of the cells in each predefined quadrant. Fig. 8 and 9 show the average cell orientation for each ROI of OP1, OP2, OP3 and the control.
The data and the images clearly show that the cells recognise the external mechanical cues and reorient themselves in the optimum direction to avoid the normal strain. [48] [49] [50] [51] As Fig. 9 Average cell orientation in degrees over the ROI for OP3 (a) and the control (b) with the corresponding 10× cell images of each ROI and the COMSOL strain distribution map. The scale bars are 100 μm. Fig. 10 Percentage of cells in the given direction over the ROI and ANOVA analysis for OP1, OP2, OP3 and the control. The cell orientation varies according to the normal strain amplitude (***p < 0.001 and *p < 0.05 versus control; ##p < 0.01 versus the lowest normal strain amplitude; n.s., not significant). Results are expressed as the mean ± s.d. (n = 3) and data were analysed using one-way ANOVA followed by the post hoc Bonferroni test. expected, the fibroblast cells reoriented perpendicular to the normal strain direction. 52, 53 Moreover, the cells appeared to recognise the homogenous normal strain gradient and realign themselves along this region. Although the alignment of the cells with respect to the strain pattern was observed for all three output patterns, it was interesting to note that the cell alignment along the strain profile increases with increasing normal strain amplitude. This behaviour of fibroblasts is consistent with previous reports. 15, 37, 54 The average cell orientations for the three output patterns (OP1, OP2 and OP3) were 131. 3 Fig. 8 and 9 (a). In contrast, cells were distributed randomly without strain and did not show any preferred orientation or significant alignment, as shown in Fig. 9(b) .
Furthermore, we calculated the percentage of cells aligned in a circumferential pattern for each ROI to establish the relationship between the normal strain amplitude and cell orientation. Fig. 10 compares the percentage of aligned cells for different normal strain amplitudes with the results of oneway analysis of variance (ANOVA). The ANOVA results suggest that all three output patterns exhibit significant cell orientation compared to the control (OP1: p < 0.001, OP2: p < 0.001 and OP3: p < 0.05). However, the cell orientation of OP2 and OP3 is significantly higher (p < 0.01) than that of OP1. Moreover, no significant difference between cell orientation was observed for OP2 and OP3 (n.s.) and clear circumferential alignment of the fibroblasts can be seen in Fig. 10 .
In depth molecular or biological assays for the physiological study of the stretched cells are outside the scope of the current work. Thus, we adapted the observational approach and detected noticeable cell morphology changes for all OPs to confirm any changes due to different normal strain amplitudes. Interestingly, we noted that cells formed clusters under a high normal strain amplitude, as observed in Fig. 11 .
Moreover, the fact that clear fluorescent signals were obtained from the cells after fixation for both with-strain and no-strain conditions confirms that all the cells were firmly attached to the membrane and sustained their intracellular adhesion (Fig. 8, 9 and 11 ). This observation confirmed the cell viability in our developed platform for both with-strain and no-strain conditions.
Considering the above preliminary observations, we could hypothesise that patterned cell cultures can be obtained with a low normal strain (0.8-1.2%) amplitude without any notice-able physiological and morphological changes. Our experimental results confirm the capability of our cell-stretching platform to actively manipulate the cell orientation to achieve patterned cell culture with circumferential cellular alignment. However, to further confirm the capability of the platform, we modified the device to incorporate square and hexagon strain patterns and performed a preliminary experiment with optimised stretching parameters (80 mbar, 0.01 Hz, 2 h). As speculated, square and hexagonal shaped cellular alignment was evident from preliminary observations (ESI †). This observation further confirms the suitability of the developed platform to actively manipulate cellular alignment. Moreover, the developed platform can be scaled up to the standard 96 wells for clinical drug screening and for 2D mechanobiological experiments or screening of cellular response in tissue engineering and regenerative medicine. Thus, the cell-stretching platform presented here could be a critical step towards 2D patterned cell culture for high-throughput in vitro assays.
Conclusions
In summary, a novel cell-stretching array platform compatible with generic tools is designed, fabricated and characterised to obtain patterned cell cultures with predefined circumferential cellular alignment in vitro. We observed the widely reported cellular realignment behaviour of fibroblasts cells with the developed platform. The cells reoriented and realigned approximately perpendicular to the stretching direction. We also demonstrated that the cyclic normal strain can be utilised to actively manipulate the cellular alignment and achieve patterned cell culture with predefined cellular alignment. Moreover, we examined the cell reorientation using different normal strain amplitudes. Our observations suggest that the cell orientation increases with an increase in normal strain amplitude. However, noticeable cell clustering was observed with higher normal strain amplitudes. Although further optimisation is needed, the preliminary results allow us to hypothesise that a low normal strain amplitude of 1.2% could pattern fibroblast cell cultures without noticeable physiological and morphological changes.
The developed cell-stretching platform provides a new direction for bioengineering utilising the mechanotransduction capability of cells to actively manipulate the cellular alignment and obtain patterned cells. As shown, the developed platform can be easily optimised by redesigning the desired 
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OPs to achieve a variety of predefined cell culture patterns, which could be critical for tissue remodelling and regenerative medicine. Furthermore, the compatibility of the developed platform with existing tools and protocols makes it an attractive alternative in clinical drug screening and 2D mechanobiological experiments. This device could also be very useful in modulating the local micro-environment of stem cell colonies to gain a better mechanistic insight into developmental biology. Finally, the developed cyclic cell stretching approach may also serve to understand how various mechanical cues such as strain and strain gradient influence the cell alignment and orientation which could further provide insights into cellular level interactions between cells and their immediate microenvironment. However, further optimisation of the developed platform is needed to incorporate a strain pattern with a higher resolution. Further characterisation of the platform will be needed to precisely define the minimum size and resolution of the strain pattern that can be utilised for engineering cellular alignment. Considering the advancement in microelectro mechanical system (MEMS) fabrication, we believe that the developed cell patterning approach has the potential to produce more complex cellular micro patterns. Nonetheless, further optimisation is needed to characterise these critical parameters to enhance the capability of the developed platform and to engineer more complex cell patterns in vitro.
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